Introduction 82
The aryl hydrocarbon receptor (AHR), a member of the Per-ARNT-Sim (bHLH/PAS) 83 family of proteins (McIntosh, Hogenesch, & Bradfield, 2010) , is a ligand-activated 84 transcription factor that mediates the toxicity of a wide range of environmental Medvedovic, 2000). Well-known gene targets include the "AHR gene battery," encoding 93 phase I and phase II detoxification enzymes such as the cytochrome P450 family 1 94 members (CYP1s) and UDP glucuronosyltransferase, glutathione S transferase, and 95 quinone reductase (Nebert et al., 2000) . Induced over two orders of magnitude, CYP1s 96 are frequently used as a biomarker of exposure to AHR agonists (Hahn, 2002) . AHR 97 also exerts biological effects through "non-classical" mechanisms involving interactions 98 with additional signaling pathways and nuclear proteins (Denison et al., 2011) . 99 AHR can be activated by structurally diverse agonists of both xenobiotic and 100 endogenous origin. The prototypical agonist in mechanistic toxicological studies of AHR 101 is the industrial contaminant 2,3,7,8-tetracholorodibenzo-p-dioxin (TCDD, dioxin). 102
Among the most toxic planar halogenated aromatic hydrocarbons, TCDD binds 103 vertebrate AHRs with relatively high affinity (Van den Berg et al., 2006) . Another potent 104 domains (LBDs) have been characterized in AHRs from animals across the spectrum of 128 TCDD sensitivity. A comparative study of AHR1 from the chicken (Gallus gallus) and 129 common tern (Sterna hirundo) identified two residues-I324 and S380-that are critical 130 for high-affinity binding by the chicken receptor, the species more sensitive to TCDD 131 toxicity (Karchner et al., 2006) . In mice, a single polymorphism (A375V) reduces TCDD 132 Similar approaches were employed to explain the low TCDD affinity of amphibian 138
AHRs. Three amino acids within the LBD of X. laevis AHR1b confer low-affinity 139 binding-N325, A354, and A370 (Odio et al., 2013) . Homologous residues are present 140 in AHR from X. tropicalis (Order Anura; frogs and toads) and Ambystoma mexicanum 141 (Order Urodela; salamanders (Shoots et al., 2015) . These shared sequence elements 142 and functional properties suggest that low TCDD affinity emerged in the common 143 ancestor of these two extant amphibian groups. Is it possible that low TCDD affinity 144 appeared even earlier in amphibian evolution? 145
Caecilians, the legless amphibians, comprise Order Apoda, the earliest of the extant 146 orders to diverge from the common lineage ( 
Phylogenetic Analysis 208
Vertebrate AHR amino acid sequences were accessed from NCBI GenBank 209 (Table S3 ) and aligned with the G. multiplicata AHR using ClustalX2. A phylogenetic 210 tree was constructed using the well-conserved N-terminal half of each sequence by the 211
Neighbor-Joining method and visualized in NJ-plot with 1000 bootstrap samplings. The 212 tree was rooted with mouse ARNT as the outgroup. 213
214

AHR expression constructs 215
The open reading frame encoding G. multiplicata AHR was synthesized by 216
Epoch Life Sciences, Inc. with XhoI and NotI restriction sites at the 5' and 3' ends, 217 respectively. The sequence was subcloned into the pCMVTNT expression plasmid 218 Ci/mmol). Proteins were separated on a 10-30% sucrose density gradient by 233 centrifugation at 60,000 rpm for 130 min in a Beckman VTi65.2 rotor. Gradients were 234 fractionated, and the radiation content (dpm) of each fraction measured in a Beckman 235 LS6500TD liquid scintillation counter. Unprogrammed lysate (UPL), containing the 236 pCMVTNT empty vector, served to measure non-specific binding. Specific binding to 237 TCDD was calculated from the radiation content in the TCDD binding peak (fractions 238 10-20), subtracting the background radioactivity (dpm in the UPL) in the corresponding 239
fractions. 14 C-labeled catalase was 240 added to the gradient and measured as an internal sedimentation marker to allow 241 alignment of fractions of different gradients (Supplemental Figure S1 ). 242
Relative quantity of each AHR in the assay was assessed by western blotting. 243
Following SDS-PAGE, samples were blotted onto nitrocellulose. Blots were probed with 244 a 1:1000 dilution of a monoclonal antibody SA210 (Enzo Life Sciences; 1 mg/mL), 245 directed against the N-terminal half of mouse AHR and the polyclonal goat anti-rabbit 246 secondary antibody cross-linked to alkaline phosphatase (Sigma-Aldrich). The blot was 247 developed using the AP Conjugate Substrate Kit (Bio-Rad). Prism v.6.0h, the mean and standard error for the fractional response at each 282 concentration were calculated and analyzed by nonlinear regression to determine the 283 EC 50 value for each AHR constraining the background response to 0 and the maximal 284 response to 1. 285 286
Homology Modeling 287
The structural model of G. multiplicata AHR ligand-binding domain (LBD; residues 288 281−387) was generated as described for mouse ( . TCDD proved to be a much 347 less potent agonist for amphibian AHRs than for the mouse receptor (Fig. 3) . While 348 mouse AHR exhibited an EC50 in the sub-nanomolar range, values for all three 349 amphibian AHRs were two orders of magnitude greater (Table 1) . Roughly consistent 350 with the ligand-binding assay (Fig. 2) , the caecilian AHR was more sensitive to TCDD FICZ is an exceptionally potent endogenous agonist for AHRs from a wide range of 356 vertebrates. We measured the FICZ responsiveness of each amphibian AHR in 357 transactivation assays. Consistent with previous studies, FICZ was 1-2 orders of 358 magnitude more potent than TCDD in 18-hr exposures ( Fig. 4a ; Table 2 ). With the 359 caecilian and frog receptors, FICZ potency was even greater for shorter exposure times, 360 during which its metabolism by CYP1s and phase II enzymes intrinsic to COS-7 cells is 361 limited (Wincent et al., 2009; Fig. 4b and Table 2 ). All three amphibian AHRs exhibited 362
EC50s in the sub-nanomolar range at both time points (Table 2 ). The higher potency of 363 TCDD with Gymnopis AHR compared to the other amphibian receptors was not evident 364 for this endogenous agonist. identities (72.9%; Fig. 5a ). Among the 29 residues of Gymnopis AHR that differ in one 378 or more species, only three bear side chains that protrude into the modeled binding 379 cavity: N333, A362, and A378 of Gymnopis AHR (Fig. 5a,b) . These residues are serine at all three (Fig. 5a ). The extension of this combination of residues to a third 385 amphibian group suggests that this LBD sequence and structural property emerged In this regard, these animals differ from both teleosts, which diverged from the 397 vertebrate lineage prior to amphibians, and the other tetrapod groups, which arose 398 thereafter. Thus, it seems likely that high-affinity dioxin binding by AHR was lost in a 399 lineage-specific fashion. In frogs (Order Anura) and salamanders (Urodela), low-affinity 400 dioxin binding is conferred largely by the lack of a serine residue in at least one of three 401 key positions within the modeled ligand-binding cavity (Odio et al., 2013; Shoots et al., 402 2015) . The present study reveals that the same absence of serines at the aligned 403 binding cavity positions within the AHR sequence isolated from the Varagua caecilian 404 (Gymnopis multiplicata; Apoda). The encoded protein also exhibits relatively low dioxin 405 sensitivity. This finding is consistent with the hypothesis that low dioxin affinity emerged 406 early in amphibian evolution, in a common ancestor of all three extant orders. 407
While the asparagine and the two alanines associated with low TCDD affinity in the 408 three previously characterized amphibian AHRs are well conserved, the TCDD binding 409 and sensitivity of the caecilian receptor are measurably greater (Figs. 2, 3) . This 410 suggests that additional, more subtle structural features may also be influential. One 411 such feature is the overall volume of the modeled binding cavity. Our estimation of the 412 cavity volume in the models of all five proteins suggests that the caecilian AHR contains 413 a larger cavity than its amphibian orthologs: 675 Å 3 , compared with 517 Å 3 for 414
Ambystoma AHR and 595 Å 3 for X. laevis AHR1b. The high-affinity AHRs have even 415 larger modeled cavities: 802 Å 3 for mouse AHR and 715 Å 3 for the chicken receptor. 416
This seeming correlation suggests the hypothesis that larger cavity volume enables 417 tighter TCDD binding. Possibly underlying the differences in cavity volume is a variable 418 residue in the helical Ca region (Figure 5c ). There is only one non-conservative 419 substitution in the LBD of these five AHRs. This position contains serine in the small-420 cavity AHRs of frog (S294) and salamander (S304), corresponding to glutamine in the 421 mouse receptor (Q299) and lysine in the caecilian (K302) and chicken (K304) proteins. 422
We speculate that the longer, charged side chains may tend toward the solvent, leaving 423 the cavity wider in the Ca/Da region, while the shorter, polar serines may interact with 424 internal residues, leading to a more compact cavity. There is reason to view this 425 hypothesis with caution. Cavity volume and ligand binding typically relate to the 426 conformations of amino acid side chains that protrude inward, exact conformations of 427 which cannot be predicted with high accuracy by homology modeling. Future studies will 428 use mutagenesis to directly test hypotheses about the relationship between cavity 429 volume, internal side chains, and external side chains in the binding of TCDD and other 430 agonists. 431 FICZ, an endogenous AHR agonist, exhibits a much smaller degree of interspecies 432 difference than TCDD in potency for reporter gene activation by amphibian and mouse 433 receptors, ranging over 260-fold for TCDD, but only 21-fold for FICZ ( Fig. 4 ; Table 2) . 434
This compound engages the LBD through a different set of interactions than the dioxin-435 like compounds, as evidenced by the distinct effects of amino acid changes on receptor 436 activation by these different ligands (Soshilov & Denison, 2014) . The relative 437 conservation of the endogenous compound's high potency suggests that relatively 438 robust FICZ binding-and the related non-toxicological effects-may have been 439 maintained under stronger selective pressure than dioxin binding and subsequent 440 receptor activation. Under this hypothesis, dioxin binding could represent one of AHR's 441 pleiotropic functions that has been diminished in amphibians following stochastic 442 sequence change in an early common ancestor, even while FICZ binding and 443 responsiveness have persisted in stronger fashion. Alternatively, the loss of AHR 444 sequence elements associated with high TCDD potency may have been adaptive in 445 early amphibians despite continued selection for effective FICZ agonism. In either case, 446 the greater potency of FICZ relative to dioxin-like compounds seems to have emerged 447 in a common ancestor and to have been conserved in all three modern amphibian 448 groups. 449 450
Loss of multiple AHR paralogs in the Amphibian lineage 451
Amphibians AHRs differ from those in the other vertebrate groups in a second 452 important respect-gene number. AHR-related genes can be sub-divided into five 453 different categories in the jawed vertebrates: four distinct AHR genes (AHR, AHR1, 454 AHR2, AHR3) plus the AHR Repressor (AHRR; Hahn et al., 2017) . While humans and 455 rodents have only one AHR, most vertebrates-including cartilaginous fish, teleosts, 456 lobe-finned fish, reptiles, birds, and many mammals-harbor members of at least two of 457 the four AHR gene types and in some cases multiple paralogs of each (Hahn et al., 458 2017 ). In the amphibians for which AHRs have been sought by molecular cloning 459 and/or genome searches, a single AHR seems typical. Only X. laevis harbored more 460 than one AHR gene (Lavine et al., 2005) , the result of a relatively recent genome 461 duplication that arose as part of an interspecies hybridization between ancestral 462
Xenopus species (Session et al., 2016) . Using degenerate primers that successfully 463 targeted multiple AHRs in other vertebrate groups, we detected only one cDNA 464 sequence in G. multiplicata (this study) and Ambystoma mexicanum (Shoots et al., 465 2015) , and our searches of the Ambystoma genome and transcriptome did not reveal 466 the existence of additional AHR paralogs. Thus, we suggest that the presence of only 467 one AHR may reflect the loss of multiple paralogs in an early amphibian ancestor, found that members of this group have a relatively slow evolution rate (Wu et al., 2015) . 499
Their early divergence and their slow sequence change rate combine to suggest that 500 caecilians can provide key insights into the traits of ancestral amphibians. 501
This characterization of the G. mutliplicata AHR has important implications for our 502 understanding of the evolution of amphibian AHRs. This caecilian AHR shares several 503 characteristics that distinguish other amphibian receptors, including sequence, 504 structure, low TCDD binding affinity, and low TCDD responsiveness. This suggests that 505 the low-affinity phenotype arose after the divergence of amphibians from the common 506 vertebrate lineage, but prior to the divergence of the Apoda order from the other 507 Table 1 . EC50 values for reporter gene induction by TCDD. COS-7 cells were 716 transfected to express the indicated AHR and exposed to graded concentrations of 717 TCDD for 18 h. EC50 values were calculated from the nonlinear regression of fractional 718
induction against the logarithm of TCDD concentration (Fig. 3) Table S3 . 737 is the difference between total binding (preparations containing an AHR) and 745 nonspecific binding (preparation lacking AHR). The bar graph plots specific binding 746 relative to that found for X. laevis AHR1β. Values represent means ± the standard error 747 for four replicates. Values with identical labels do not differ statistically (One-way 748 ANOVA with Tukey's test for individual contrasts). 749 
